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Introduction
Natural products (NPs) constitute an important source of drugs and inspiration for drug discovery. Many marketed drugs have natural origins [1] . NP intrinsic properties result in privileged interaction with the biological world because each NP has met at least one biosynthetic enzyme, providing an embedded biological imprint. NPs often have many stereocenters giving them three-di-mensional (3D) shapes, which are well recognized by protein active sites [2] .
Considering that the biological imprint endows NPs with specific binding properties, the structure-based computing methods represent an attractive alternate to current strategies for the identification of NP targets [3] . The recent literature provides examples of NP target fishing by molecular docking, a computing method which is commonly used in a virtual screening approach to identify novel bioactive molecules from natural resources [4] [5] [6] . Large-scale docking of approximately 197 k NPs in the Universal Natural Products Database (UNPD) to 332 FDA-approved drug targets hence contributed to the construction of an extensive NPtarget network [6] . Recently, we suggested that true and potential targets of an NP could be identified by direct comparison of the NP biosynthetic enzyme 3D structure to the 3D structure of proteins in the Protein Databank (PDB). We established the proof of concept on the flavonoid example, showing that a virtual screening of 2379 PDB proteins by site similarity to the active site of five flavonoid biosynthetic enzymes successfully retrieved known flavonoid targets, such as kinases [7] .
In this study, we collected and annotated publicly available 3D structures of NP biosynthetic enzymes. We compared them to protein structures in the sc-PDB, a database describing ligandbinding sites in the PDB [8] . We assessed similarities between the NP biosynthetic enzyme active site and the sc-PDB protein ligandbinding site. We further validated our method on three new retrospective examples, and suggested new potential targets for 25 NPs.
Results and Discussion
We explored the PDB to identify NP biosynthetic enzyme structures. Our strategy involved integration of data from the PDB [9] , the Dictionary of Natural Products (http://dnp.chemnetbase. com), and the metabolic databases MetaCyc [10] or UniPathway [11] . These databases provide complementary information: the PDB is a repository of the experimental 3D structures of biomolecules; the Dictionary of Natural Products is the most comprehensive source of NPs with chemical and biological annotation from the literature on over 290 k NPs; MetaCyc and UniPathway describe biosynthetic pathways, including both the NP structure and name of genes coding for biosynthetic enzymes.
We employed two methods to identify biosynthetic enzymes in the PDB. Firstly, we searched for cross-references to the PDB in NP biosynthetic pathways of MetaCyc and UniPathway (see the selection of pathways in the Material and Methods section and in Table S1 , Supporting Information). Secondly, we directly looked into the PDB and searched for keywords such as biosynthesis (see Materials and Methods for the entire list).
The two searches yielded a total of 9550 structure files, with 80 % of the structures selected by the keyword search. We parsed and validated structure files using functional and structural annotation according to a six-step protocol (▶ Table 1 ). In the first step, we assigned a protein name, source organism, and catalytic reaction to 9140 structures. We used the annotation protocol of the sc-PDB [8] , and added catalytic reactions found in UniProt [12] . In the second step, we identified the catalytic residues of half of the entries using data in UniProt or in the Catalytic Site Atlas [13] . In the two steps, we discarded entries with inconsistent or missing information, e.g., if no catalytic residue was reported in UniProt or in the Catalytic Site Atlas. Noteworthy, the catalytic residues reported in UniProt and the Catalytic Site Atlas were inferred from published experimental evidences. In the third step, we validated PDB entries selected by the keyword search whether the corresponding protein was encoded by a gene referenced in the NP biosynthetic pathways considered in this study, or by an ortho-logue of a gene referenced in the NP biosynthetic pathways considered in this study (definition of related species is given in Fig.  S1 , Supporting Information). We found that 1642 PDB entries actually describe a NP biosynthetic enzyme. In the fourth step, we detected all cavities in every protein structure based on the geometrical description of the protein surface [14] , and we checked whether one of the cavities was the actual enzyme active site. We verified that, in 70 % of the tested structures, there is one cavity containing at least one of the residues tagged as catalytic. We discarded many entries because none of their cavities contained a catalytic residue. In the fifth step, we selected ligandable active sites, i.e., sites able to bind a drug-like ligand with high affinity, according to a prediction made from geometrical and pharmacophoric properties [14] . Ligandability is a prerequisite for accurate site comparison. About 70 % of the tested structures described a ligandable active site. In the last step, we excluded the enzymes which metabolize early precursors structurally unrelated to the biosynthetic pathway end product. For example, isopentenyl diphosphate is an early precursor in the biosynthesis of many complex terpenes, such as albaflavenone, capsidiol, pentalenolactone, and lanosterol. Biosynthetic enzymes metabolizing isopentenyl diphosphate are not expected to share structural similarity with the protein targets of the complex end products. This manual filtering caused a large cut in the data set, discarding 90 % of the structures selected by the keyword search.
▶ Table 1 summarizes the number of PDB structures selected at each step. Searching cross-references to the PDB in MetaCyc and UniPathway finally yielded 66 and 150 PDB structures, respectively, 57 of them in common (▶ Fig. 1 ). The resource-specific structures represent 19 different enzymes, thus indicating that the two metabolic databases provide complementary information. The direct search in the PDB yielded 88 structures, but all were already referenced in MetaCyc and UniPathway.
In total, we identified 38 different biosynthetic enzymes, including 18 bacterial enzymes, 17 plant enzymes, and three fungal enzymes. Several enzymes have more than one structure in the PDB, and therefore our data set contains more than 38 crystallographic structures, 159 in total. The number of structures of each ▶ enzyme is given in the Supporting Information (see the excel file named 10-1055-s-0043-121992-BiosyntheticEnzyme_Shaper_ hitlits.xls). Three enzymes have 10 or more structures. The most represented enzyme is isopenicillin N synthase (IPNS) from Emericella nidulans with 37 crystallographic structures. In the PDB structures, IPNS is always in a complex with either the natural substrate, a substrate analogue, the NP penicillin, or analogues of penicillin [15] . The second most represented enzyme is 5-epi-aristolochene synthase from Nicotiana tobacum with 11 crystallographic structures. Two PDB structures describe the enzyme alone, and the nine others show a complex between the enzyme and an analogue of the NP [16] . The third most represented enzyme is nebramycin synthase from Streptoalloteichus tenebrarius with 10 crystallographic structures of the enzyme in a complex with either the substrate, a cofactor, or an analogue of the cofactor. Considering the 38 enzymes in the entire data set, only 5 % of 159 structures describe the enzyme alone. In most of the cases, a non-natural ligand is bound in the enzyme active site, often for the purpose of studying the enzymatic mechanism.
The 38 selected enzymes cover diverse chemical reactions. The six EC classes are represented: transferases (34 %), oxydo-reductases (28 %), lyases (14 %), hydrolases (19 %), isomerases (11 %), and ligases (4 %). The enzymes in the data set are involved in the biosynthesis of antibiotics, terpenes, steroids, phenylpropanoids, alkaloids, polyketides, and pigments. The complete list of biosynthetic enzymes and pathways is given in Table S1 , Supporting In-formation. From the UniProt annotation, we assigned 49 generic chemical reactions to the 38 enzymes. Several enzymes recognize multiple substrates and, thus, were assigned multiple reactions. The 49 reactions described the formation of only 25 natural products (see their name and SMILES code in Table S2 , Supporting Information). An example of an enzyme able to metabolize two substrates to form a single product is shown in ▶ Fig. 2 : the monooxygenase (UniProt ID: EIZFM_STRCO) is able to oxidize both (5R)-albaflavenol (compound 1) and its stereoisomer (5S)-albaflavenol (compound 3) to produce albaflavenone (compound 2). As a consequence, it was associated with two reactions (reaction labeled R1 and R2 in ▶ Fig. 2 ) and a single NP (compound 2).
To summarize, we gathered and annotated 159 crystallographic structures of 38 NP biosynthetic enzymes. Every structure contains a ligandable and well-delimited cavity encompassing part or all of the active site, and thus constitutes a suitable structural reference for site comparison.
We screened the sc-PDB, which contains 9283 ligandable 3D-binding sites, by site similarity to each of the 159 NP biosynthetic enzyme structures. An all-against-all comparison, which represents about 1.47 million 3D structure pairs, was performed using the program Shaper [14] . Shaper 3D aligns two sites by optimizing the shape overlap of grid points filling the cavity defined by site residues. Shaper scores the similarity by comparing the number, position, and pharmacophoric type (as defined from the properties of surrounding protein atoms) of the aligned grid points. In the virtual screening experiments, hits were selected if their similarity score differs by more than 2.5 standard deviations from the mean value of the distribution of scores. We previously demonstrated that this scoring scheme efficiently recovers flavonoid target proteins when sc-PDB is compared to flavonoid biosynthetic enzymes [7] . All of the 38 NP biosynthetic enzymes, except one, shared structural similarity with up to 64 sc-PDB proteins (▶ Fig. 3 ). If several crystallographic structures of the same enzyme were used as a query, the number of hits can vary largely. For instance, acetyltransferase LovD (Uniprot ID: LOVD_ASPTE) is represented by six crystallographic structures (PDB IDs: 3HLC, 3HLD, 3HLE, 3HLF, 3HLG, 4LCL) and an sc-PDB screening using these six structures retrieved from 29 to 56 proteins. The largest and smallest hit lists correspond to query active sites of different sizes. Typically, more hits were found if a smaller definition of the active site was used: hit lists of 29 and 56 proteins were obtained using query sites comprising 31 and 25 residues, respectively. Virtual screenings of the sc-PDB showed no hits for tetrahydrocannabinolic acid synthase (THC) as a query because its active cavity is much larger than the average sc-PDB sites.
Virtual screenings using flavonoid biosynthetic enzymes revealed structural relationships with the flavonoid targets in the kinase family, as published previously [7] . We then searched ChEMBL [17] , DrugBank [18] , and the PDB for affinity data between the 25 identified NPs (exact match of structure) and all the sc-PDB proteins. Unfortunately, none of the NPs were already described as a ligand for any of the hit proteins. We thus analyzed the hit lists manually to propose new pairs of NP biosynthetic enzymes and ligandable proteins. All the screening results are available in Supporting Information (one spreadsheet per screening is given in 10-1055-s-0043-121992-BiosyntheticEnzyme_Shaper_hitlits.xls). We repeated site comparisons on several interesting cases using SiteAlign [19] , which is computationally more expensive than Shaper, but gives more effective scores if the query and compared sites have very different sizes. Virtual screening of the sc-PDB by site similarity to NP biosynthetic enzyme paired three NPs to one of their target proteins: penicillin G to the New-Delhi Metallo βlactamase (NDM-1), Δ 9 -tetrahydrocannabinol to acetylcholinesterase (AChE), and lovastatin to histone deacetylases (HDAC). In the three cases, the 3D alignment by site similarity programs of the biosynthetic enzyme active site with the ligand-binding site of the NP target enzyme overlaid key determinants for the NP binding. Noteworthy, the three considered NP biosynthetic enzymes, IPNS, thetrahydrocannabinolic acid synthase (THCA) and acyltransferase lovD, are involved in a late stage of the NP biosynthetic pathway and recognize a large part of the substrate.
IPNS is the most represented enzyme in our data set. Its 3D structure has been solved in a complex with many ligands mimicking the endogenous substrate, N-((5S)-5-amino-5-carboxypentanoyl)-L-cysteinyl-D-valine, or the product, penicillin G. The enzymatic mechanism is well known, and the catalytic site is unambiguously defined. The virtual screening of the sc-PDB using IPNS as a query retrieved from 0 to 40 hits, including the NDM-1. Like all β-lactamases, NDM-1 confers its bacterial source organism resistance to β-lactam antibiotics such as penicillin. Both IPNS and NDM-1 act on a lactam ring by catalyzing ring closure and opening, respectively. The 3D-alignment by site similarity of the two active sites superimposed the metallic cofactors and also the catalytic residues. The His214-His270-Asp216 triad in IPNS matched the His122-His120-Asp124 triad in NDM-1, as highlighted in yellow in ▶ Fig. 4 . The 3D-alignment also revealed a common hydrophobic patch required for the correct positioning of the substrate in the vicinity of the catalytic center. The residues Leu317, Leu321, and Val217 in IPNS were found to be equivalent to Ile35, Val73, and Leu65 in NDM-1, as highlighted in grey in ▶ Fig. 4 . Noteworthy, the two proteins do not share sequence similarity (13 % identity over 376 residues). Moreover, they have different folds. Nevertheless, the 3D-alignment of the two catalytic sites superimposed the recognition sites of the lactam ring. Lastly, virtual screening did not identify any of the eight other β-lactamases present in the sc-PDB because either they differ in type (metallo lactamases vs. serine lactamases) [20] or their sc-PDB site did not encompass the catalytic cavity. Noteworthy, site similarity methods have been designed to capture common ligand-binding features and, consequently, can only pair two proteins that bind the same ligand if the ligand-binding mode is conserved [21] .
THCA catalyzes ring closure in cannabigerolate (compound 4) to produce the Δ 9 -tetrahydrocannabinolate (compound 5), which then undergoes a spontaneous decarboxylation leading to the end product of the biosynthetic pathway, Δ 9 -tetrahydrocannabinol (THC or compound 6; ▶ Fig. 5 ). THC is a psychoactive drug known to bind to synaptic receptors, primarily CB1 and CB2 receptors [22] , but also other hippocampal proteins involved in signal transduction mediated by acetylcholine, such as AChE [23] . The single copy of THCA in our data set represents a ligand-free enzyme, yet bound to the flavine-adenine dinucleotide cofactor. As previously mentioned, virtual screening of the sc-PDB using ▶ Fig. 3 Comparing ligandable protein sites with the active site of NP biosynthetic enzymes. The number of hits in sc-PDB is given for all 38 enzymes in the data set, with maximum and minimum values obtained for the different structure files of an enzyme. The x-axis shows UniProt identifiers of the query enzymes. Enzymes Uniprot identifiers and names are given in Table S1 , Supporting Information. the program Shaper and THCA as a query retrieved no hit. A second screening using the program SiteAlign yielded 41 hits, including AChE of Homo sapiens and of Tetronarce californica, and a second enzyme binding acetylcholine, namely, human choline esterase. The 3D-alignment of THCA and AChE superimposed 20 residues, in particular the aromatic cage recognizing the ligand. More precisely, Tyr175-Tyr312-Phe353-Tyr417-His114-Tyr484 in THCA matched His440-Tyr334-Phe315-Trp432-Tyr130-Trp84 in AChE (▶ Fig. 6) .
Acyltransferase LovD is involved in the synthesis of lovastatin. It catalyzes the formation of lovastatin from monacolin J and lovF-bound 2-methylbutyrate [24] . Lovastatin belongs to the therapeutic class of statin drugs that are indicated to lower circulating cholesterol level [25] . Lovastatin inhibits cholesterol biosynthesis by competing with the substrate of 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMG-CoA reductase). Lovastatin also inhibits HDAC2, which, like other HDACs, plays an important role in the regulation of DNA transcription [26, 27] . HDACs constitute an important class of therapeutic targets for neurodegenerative diseases such as Alzheimerʼs disease and schizophrenia [28, 29] . Virtual screening of the sc-PDB using the program Shaper and acyltransferase LovD as a query retrieved several dozen hits, including HDAC8 but not HMG-CoA reductase. A second round of screening using the program SiteAlign confirmed this result, ranking human HDAC8 as first in the hit list obtained using the PDB entry 3HLC as a query. HDAC8 is a homolog of HDAC2, which is not present in the sc-PDB. The two enzymes have the same biological activity and similar sequences (overall identity = 30 %). Their active site is highly conserved, with 16 identical residues among the 24 lining the catalytic cavity, as observed in the PDB files 4LXZ for HDAC2 and 3SFF for HDAC8. In addition, the 3Dstructure of the active site is well conserved: the RMSD computed on 20 pairs of equivalent Cα atoms is equal to 1 Å (as computed using the Chimera matchmaker [30] sequence-based alignment of 4LXZ and 3SFF PDB proteins). The 3D-alignment by site similarity using SiteAlign of acyltransferase LovD and HADC8 overlaid the catalytic centers of the two enzymes (▶ Fig. 7 ) and the networks of polar side chains involved in their catalytic mechanism. Interestingly, both acyltransferase LovD and HDAC2/HDCA8 catalyze the transfer of an acyl group. Acyltransferase LovD adds an acetyl group to the substrate, monacolin J acid, whereas HDAC2 and HDAC8 remove an acetyl group from an acetyl-lysine residue of a histone protein.
These three retrospective examples constitute additional validation that a NP biosynthetic enzyme structure is highly valuable data to identify potential targets of NPs using the site comparison method. Moreover, we constituted a set of 38 biosynthetic enzymes that fully met the requirements to apply the method. Virtual screening of all ligandable sites in the PDB yielded 1 to 64 protein hits per query enzyme. Thus, from a prospective perspective, our work provides a list of up to 64 potential novel targets for 25 well-characterized NPs. All of the results are available in Supporting Information. Validation of a new hypothesis could stir up the structural study of more NP biosynthetic enzymes, and thus increase the scope, which is still limited, of our approach for the identification of NP protein targets. 
Material and Methods
Collecting the NP biosynthetic enzyme structures in the PDB. Since 2015, the UniProt database [12] has provided metabolic information by integrating the Chemical Entities of Biological Interest ontology known as ChEBI [31] , a description of expert-curated biochemical reactions, namely Rhea [32] , and a hierarchy of pathways as given in UniPathway [11] . In UniPathway, pathways (e.g., erythromycin biosynthesis) are described by a set of reactions annotated with the enzyme name, and grouped into families (e.g., antibiotic biosynthesis). The UniProt pathway index file (release 2015_08) establishes association links between enzymes and pathway families. Pathway families representing the biosynthesis of NPs were selected manually ( Table S1 , Supporting Information).
The MetaCyc database [10] describes metabolic pathways with a detailed cascade of enzymatic reactions, and also the gene and source organism of metabolic enzymes. Arrows in reaction schemes connect the metabolite structures from the initial substrates to the final products. Pathways are organized according to a hierarchical classification. All the pathways in the "secondary metabolite biosynthesis" branch of the tree were considered in this study. The gene names in selected pathways were obtained using the BioCyc REST-based web service. They were then related to their corresponding enzyme names using the MetaCyc dictionary. The link between the enzyme name and 3D-structure was established using the PDB-UniProt dictionary provided by the SIFT initiative [33] .
The full PDB [9] was also directly scanned searching for the keywords "biosynth*", "natural product*", "secondary metabol*", and "plant defense*" in the KEYWDS, TITLE, and JRNL lines of the header section of the PDB files, and also in the abstract of primary articles cited. Selected files were filtered if neither the described enzyme nor a related enzyme (with identical gene name and related species as defined in Fig. S1 , Supporting Information) could be found in NP biosynthetic pathways selected in either UniProt or in MetaCyc.
Annotating NP biosynthetic enzyme structures. The 3D-structures were annotated with the enzyme protein and gene names, as recommended in UniProt, following the sc-PDB annotation protocol [8] . We verified that EC was consistent with the protein name. We searched UniProt files for the ACT_SITE field to define a list of catalytic residue numbers. If the ACT_SITE field was not present, catalytic residues were searched in the Catalytic Site Atlas [13] . If no catalytic residue was identified at all, then the entry was discarded. Alignment between PDB and UniProt sequences allowed for the mapping of catalytic residues to the enzyme structure. The chemical structure of substrates and products were retrieved from ChEBI.
Processing NP biosynthetic enzyme structures. Structure files were downloaded from the PDB website (www.rcsb.org) and converted in MOL2 format using the UCSF Chimera package [34] . Cavities at the enzyme surface were detected using the program VolSite [14] . The catalytic site was defined as the set of residues surrounding a ligandable cavity (within a distance cutoff of 4 Å) and containing the highest number of catalytic residues. If the PDB file contained multiple copies of the enzyme, we considered the catalytic site with the lowest average temperature factor.
Comparing protein sites. Protein site similarity was computed using SiteAlign [19] and Shaper [14] .
SiteAlign represents a binding site with an 80-triangle polyhedron centered on the protein cavity. Physicochemical properties of amino acids in the site are projected onto triangles of the polyhedron (cofactor, metal ions, and water molecules are ignored). Null property is assigned to triangles not hit by any projection. Sites are aligned by optimizing the superimposition of two polyhedrons for the best match of physicochemical properties. SiteAlign quantifies site similarity using two distances: D1, which scores all triangles pairs, and D2, which only scores pairs of non-null triangles in the reference and the compared polyhedron. Shaper considers amino acids, cofactor(s), and water molecule(s) as part of the protein. It represents sites with a cubic grid filling the cavity. Each grid point is annotated with the pharmacophoric property of the nearest protein atoms. Sites are aligned by maximizing the geometric overlap of grids. RefTversky coefficient scores similarity.
The screened dataset: the sc-PDB, a collection of ligandable sites in the PDB. Active sites of NP biosynthetic enzymes were compared to the sc-PDB release 2013 [8] . The sc-PDB provides an all-atom description of complexes between a small molecular weight ligand and a ligandable protein, which includes all protein chains, metal ion(s), cofactor(s), and water molecule(s) in the vicinity of the ligand. A ligand-binding site was defined as all protein residues delimiting the cavity detected using VolSite (considering the ligand position) and with at least one heavy atom distant from less than 6.5 Å from any ligand heavy atom. The dataset contains 9283 structures representing 3678 different proteins.
Virtual screening of the sc-PDB by site comparison. Active sites of NP biosynthetic enzymes were compared to the sc-PDB using SiteAlign and Shaper. Each screening yielded a list of 9283 sites sorted by decreasing similarity to the query site. Ranking of the 3678 corresponding proteins was obtained by considering only the highest similarity score of multi-copy proteins. Similarity score significance was assessed by computing expectation from the score distribution provided that these are bell-shaped (Gaussianlike). An expectation threshold of less than 0.06 was used to select hit proteins (Z-scores ≥ 2.5 using Shaper, Z-scores ≤ − 2.5 using SiteAlign).
Supporting information
A simplified phylogenic tree, selection of biosynthetic pathways, and a list of natural products and their SMILES structures are available as Supporting Information. A separate spreadsheet reports the potential novel targets of the 25 NPs produced by the 38 biosynthetic enzymes described in this study.
